Using bulk sensitive hard x-ray photoelectron spectroscopy, we directly observe a spectrum related to N-As bonding defects in ͑Ga,In͒͑N,As͒/Ga͑N,As͒ heterostructure. The defects are most likely attributed to split interstitials. Their concentration is in the order of 10 19 cm −3 , close to the detection limit of the measurement. Rapid thermal annealing eliminates the defects, leading to those undetectable. Similar phenomenon is observed for N-P bonding defects in In͑N,P͒. The results indicate common features in dilute nitride semiconductor system: existence of N-͑group V͒ bonding defects and their behavior on postgrowth annealing.
Dilute nitride semiconductors are material systems of interest because of their tunability of band gap, showing prospects for the next generation optical devices operating at the wavelengths previously unachievable. [1] [2] [3] Due to the requirement of low growth temperature, the as-grown samples of dilute nitrides are known to contain a quantity of defects within the crystal, such as interstitials, 4, 5 antisites, 6 and vacancies. 7 The reduction in the defects is generally required to improve the optical and electrical characteristics of the materials. Therefore, postgrowth annealing is a vital technique for its application to devices. 4 Meanwhile, due to the unique properties of the defects themselves, an active utilization of those can realize advanced functional devices such as a spin-filter operating at room temperature. 5 Hence, the characterization of the defects, and the control of their amount by annealing, have been studied over the past decades. 4, 8 X-ray photoemission spectroscopy is widely employed for the investigation of the electronic structures of matters, including the defects in dilute nitride system. 9, 10 Using standard Al or Mg anodes having its x-ray energy about 1 keV, the escape depth of the photoelectrons is several nano meters. Then, the signal is strongly affected by the surface condition as well as the out-diffusion of the elements especially at the case after annealing. 10 Besides, high photon flux realized by the undulators at third-generation synchrotron light sources and the development of the electron energy analyzer for high kinetic energy electrons have recently made the high-resolution hard x-ray photoelectron spectroscopy ͑HXPES͒ practically available. The larger escape depth of photoelectrons as deep as several-tens nanometer with higher kinetic energy will facilitate nondestructive studies of bulk materials, nanoscale buried layers and their interfaces. 11, 12 In this report, we show the defect characteristics of a dilute nitride ͑Ga,In͒͑N,As͒ and In͑N,P͒ proved by HXPES. The bonding-configuration of the observed defects is identified, and their behavior on the postgrowth annealing is investigated.
We investigate two dilute nitride samples: a ͑Ga,In͒ ͑N,As͒ sample grown on GaAs substrate and an In͑N,P͒ sample grown on InP substrate. The samples were grown by molecular beam epitaxy at a carefully optimized conditions for each materials to contain large amount of nitrogen preserving ideal structural properties. Details of the growth and the properties of the samples can be found in Refs. 13 and 14. The ͑Ga,In͒͑N,As͒ sample consists of ten periods of ͓͑Ga,In͒͑N,As͒ ͑7 nm͒/ Ga͑N,As͒ ͑14 nm͔͒ with constituents' compositions of 36% In and 4.5% N for the ͑Ga,In͒͑N,As͒ wells and 0.8% N for the Ga͑N,As͒ barriers. Note that the top layer of the sample is Ga͑N,As͒ as shown in Fig. 1 . The In͑N,P͒ have its thickness of 100 nm with N concentration of 0.5% existing at the top of the sample. To investigate the effect of annealing, rapid thermal annealing ͑RTA͒ is conducted for 1 min. under N 2 ambient at 700°C after the growth. The condition was employed to appropriately enhance the luminescence efficiency of the samples. 13, 14 During the RTA, the samples were proximity-capped with a GaAs wafer to prevent the evaporation of constituent elements. The HXPES measurement was carried out at BL46XU beamline of SPring-8. 11, 12 The undulator x-ray was monochromatized by the Si ͑111͒ double crystal monochromator and was further monochromatized by a Si ͑111͒ channel cut postmonochromator. The photon energy was set to 7.94 keV using Si ͑444͒ reflections of the postmonochromator. For the photoelectron energy analysis, VG-SCIENTA R-4000 was used, and the pass-energy was set to 200 eV. The incident x-ray angle and the photoelectron take-off-angle with respect to sample surface were 10°and 80°, respectively. The detection limit of the measurement was roughly estimated to be 2 ϫ 10 19 cm −3 . 15 The binding energy was calibrated with the 4f core level energy observed from Au thin film directly deposited on the sample surface. For a plain qualitative analysis, observed peak intensity was normalized before and after RTA adjusting the spectral intensities rela- tive to the peak intensities of dominant group-V elements: As 2p 3/2 peak for ͑Ga,In͒͑N,As͒ sample and P 1s peak for In͑N,P͒ sample. Superposed peaks spectrum was deconvoluted by curve fitting using a sum function of Gaussian and Lorentzian profile with its Gaussian percentage about 80%. No special surface cleaning was carried out before the HX-PES measurement to access the bare characteristics of the samples. Figure 1 shows the HXPES spectra of ͑Ga,In͒͑N,As͒ sample at the spectral regions of Ga 3d -In 4d with a schematically illustrated surface condition of the sample. The peaks at 17.8 eV, 18.6 eV, 19.7 eV, and 20.8 eV can be assigned to In-As ͑In 4d 5/2 ͒, In-As ͑In 4d 3/2 ͒, Ga-As ͑Ga 3d͒, Ga-O ͑Ga 3d͒, respectively. 16, 17 The distinct peak intensities of the In-related peaks indicate that the probing depth of this measurement is enough to analyze the buried ͑Ga,In͒͑N,As͒ layer below the 14-nm-thick surface Ga-͑N,As͒. Before and after RTA, the intensities of Ga and In -related peaks shows negligible difference. The experiment is thus carried out without suffered from In out diffusion, which occurs if the In-containing ͑Ga,In͒͑N,As͒ layer exist close to the surface. 10 Besides, we observe a increase in Ga-O peak intensity after RTA. That indicates the RTA enhances the surface oxidation, induced by the residual oxygen within the RTA furnace or by the native oxide of the GaAs wafer employed for the proximity cap during RTA. Figure 2 shows the HXPES spectra of ͑Ga,In͒͑N,As͒ sample at O 1s region. Each spectrum has at least two components. One originates from atmospheric H-O bonding commonly observed at the surfaces of matters. 18 The other peak at 531.7 eV should be the superposition of oxides of the constituents, namely, dominant component which comes from Ga-O configuration 17, 19 with the mixture of the minor components comes from In-O ͑Ref. 20͒ and As-O ͑Ref. 21͒ configurations. RTA induces the enhancement of the peak intensity of the constituents' oxides. That suggests an increased oxide formation close to the surface as also observed in Fig. 1 . Figure 3 shows HXPES spectra around the energy of As 2p before and after RTA. At as-grown condition, we observe a main Ga-As peak at 1323.2 eV with a small subpeak at around 1327 eV. 18 The subpeak can stem from As-O ͑Ref. 18͒ or N-As configuration. 22, 23 Specifically, the subpeak is vanished after RTA. Considering the surface oxidation discussed in the previous paragraph, the decrease in oxides is unlikely to occur. Consequently, the subpeak is related to N-As configurations. The N-As bonding is itself a defect, which most likely originates from the split interstitial consisting of a nitrogen and an arsenic atom on a single arsenic lattice site. 24, 25 The split interstitial defects have been theoretically predicted as a defect having energetically favorable configurations, 24, 25 supported with experimental suggestions. [26] [27] [28] [29] Taking the detection limit of the measurement into account, the as-grown sample would have the defect concentration in the order of 10 19 cm −3 . The RTA diminishes the defects, resulting in their concentration smaller than Յ10 18 cm −3 . The estimated concentration before and after annealing is in good agreement with nuclear reaction analysis reported by Ahlgren et al. 29 We examine the above descriptions for another dilute nitride system. In͑N,P͒ sample at the energy regions of P 1s. With the In-P main peak, 30 we observe a peak at around 2148 eV. Comparing the spectra of as-grown and RTA samples, the as-grown sample was decomposed to two peaks with the binding energies of 2148.4 and 2147.2 eV. The 2148.4 eV peak is assigned to be P-O configuration. 30 Then, the peak at 2147.2 eV is expected to be a N-P configuration considering general relationships of the binding energies between nitrides and oxides. 31 The peak intensity is close to the detection limit, suggesting its concentration in the order of 10 19 cm −3 . As also observed for the ͑Ga,In͒͑N,As͒ sample, the N-͑P: group V͒ bonding was vanished after RTA, followed by the increase in the P-O configurations originates from oxides. As discussed in the previous ͑Ga,In͒͑N,As͒ results, the N-P bonding can be identified as N interstitial.
In summary, we have demonstrated that the HXPES can access the bonding configurations of the defects in ͑Ga,In͒͑N,As͒/Ga͑N,As͒ heterostructure and In͑N,P͒. For both the materials, we directly observed N-͑group V͒ bonding defects within the as-grown crystals having its concentration in the order of 10 19 cm −3 which is close to the detection limit. RTA with proximity cap eliminates the defects, resulting in an undetectable defects density, concomitantly increasing the oxides near the surface.
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